The BTB/POZ (BTB) domain is an approximately 120 residue sequence that is conserved at the N-terminus of many proteins in both vertebrates and invertebrates. We found that the protein encoded by a lethal allele of the Drosophila modifier of mdg4 [mod(mdg4)] gene has two mutated residues in its BTB domain. The identities of the residues at the positions of these mutations are highly conserved in the BTB domain family of proteins, and when the corresponding mutations were engineered into the BTB domain-containing GAGA protein, the activity of GAGA as a transcription activator in a transient transfection assay was severely reduced. The functional equivalence of the BTB domains was established by showing that the BTB domain of the mod(mdg4) protein can effectively substitute for that of GAGA.
INTRODUCTION
Many proteins are mosaic composites constructed from functionally discrete domains. One such domain that has been identified due to its conservation among several zinc finger proteins (e.g. Bric à brac, Tramtrack, Broad) is the BTB domain (1) (2) (3) . The BTB domain has approximately 120 residues and has been identified in a variety of species, including nematode, chicken, rat and human. Several of the human BTB proteins have been implicated in malignant disease (e.g. PLZF, BCL-6 and HIC-1; 4-7).
The BTB domain most commonly occurs near the N-terminus of proteins that have either a demonstrated role in activating or repressing transcription, or in proteins that are believed to have such a role. It is also in the Kelch protein, an actin binding protein localized to the ring canals of Drosophila oocytes (8) . The function of the BTB domain is therefore likely to be a general one that is not specific to DNA binding proteins or to other transcription factors. It is currently believed that the BTB domain facilitates homodimer (9) (10) (11) or heterodimer formation (3, 7, (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) as well as oligomerization (23, 24) .
Trithorax-like (trl) and mod(mdg4) are two Drosophila genes that encode BTB domain-containing proteins with roles in transcription regulation (25, 26) . trl encodes GAGA protein (26) . GAGA was first identified as a factor that stimulates in vitro transcription of the Drosophila engrailed and Ultrabithorax promoters (27, 28) . Subsequent studies have shown that GAGA has a general and significant role in transcription regulation. Its single Cys2-His2 zinc finger can mediate high affinity specific binding to a consensus sequence containing the GAGAG/CTCTC purine pentamer (29) . It binds cisregulatory elements in many genes (30) as well as to heterochromatic sequences (31) . Its capacity to function as an antirepressor is thought to be related to its role in chromatin remodeling (32) (33) (34) (35) . These results have led to the proposal that GAGA functions to maintain a conformational state of chromatin that allows general access to DNA by transcription factors. This proposal is consistent with the finding that the GAGA protein remains associated with chromatin throughout the cell cycle. It is also consistent with the observed enhancement of Ultrabithorax and engrailed mutants and the apparent loss of homeotic gene function of trl mutants.
Twenty-four alleles of mod(mdg4) have been isolated. These alleles have a variety of different phenotypes, including neurons with abnormal synapse specificity and synapse morphology, abnormal apoptosis and developmental defects such as segmental transformations. Several enhance position effect variegation (PEV). PEV is a phenomenon that can result when a euchromatic gene has translocated to a heterochromatic region of the chromosome. When mutated, genes encoding structural components of heterochromatin, or genes that function to promote the formation of heterochromatin, would be expected to suppress a PEV phenotype. On the other hand, genes that normally promote transcriptional activation and thereby antagonize the formation of heterochromatin would be expected to enhance a variegated phenotype when mutant. Both mod(mdg4) and trl enhance PEV, and their similar phenotypes suggest both functional and mechanistic relatedness.
As part of an effort to understand the role of the BTB domain, particularly with respect to its role in chromatin organization, we investigated the BTB domains of the GAGA and Mod(mdg4) proteins. From among a collection of eight mutant alleles of mod(mdg4), we identified one in which two highly conserved amino acids in the BTB domain are mutated to biochemically dissimilar residues. Through the use of a transient co-transfection assay, we found that substitution of these same residues in GAGA protein abolished the ability of GAGA to activate transcription of a reporter gene. To provide additional direct evidence for the functional relatedness of BTB domains, the BTB domain of GAGA was replaced by that of the Mod(mdg4) protein. The resulting hybrid protein retained a high level of activity in the co-transfection assay.
MATERIALS AND METHODS

Sequence alignments
The sequence of GAGA was used in a BLAST search against the completed Drosophila genome to assemble a small family of three BTB domain-containing proteins, Broad, Kelch and Lola. These were then individually used in BLAST searches against the Drosophila genome. These searches were run with default parameters except that the expectation parameter was raised to 1000. Hits from these searches were processed using a custom program (M.J.Butte and R.P.Otillar, unpublished results) that identifies overlaps in the hits across multiple searches. The hits were then subjected to statistical filtering and a structurally biased, multiple sequence alignment against the starting four members of the set using CLUSTAL X with default parameters (36) . The hits identified in the NCBI database were cross-referenced against the Berkeley Drosophila Genome Project database, which provided the CG numbers of all the proteins. We also cross-checked our BTB superfamily against the Pfam database (37) and the BDGP list of BTBdomain containing proteins. Neither of these latter two lists was complete, and neither had any listings that we did not find using our program. The alignment figure was made using Alscript (38) .
Transactivation assays
Schneider 2 (S2) cells were grown in 75-cm 2 T flasks, using Schneider's Drosophila medium plus 10% heat-inactivated fetal calf serum. For transfections, 4 × 10 6 cells were plated into 6-cm-diameter tissue culture dishes in a volume of 5 ml of medium 24 h prior to the start of a transfection procedure. Calcium phosphate precipitation of the plasmid DNA and addition to the cells were carried out as described (30) . Typically, the total amount of plasmid added per 6-cm-diameter plate was 4 µg and the total amount of DNA was equalized with parental vector. This included pD33-CAT reporter plasmid (30) and a Bluescript-derived expression plasmid (actin 5C-GAGA). Chloramphenicol acetyltransferase (CAT) was assayed using a phase-partition procedure (39) .
Homology model
The crystal structure of the PLZF BTB domain (PDB code 1BUO, 7) was used as a template to generate a homology model of GAGA using the program Modeller which uses spatial restraints to place homologous residues (40) . The BTB domains from PLZF and GAGA share 76% identical amino acids. Figure 1 was made using Bobscript (41, 42) and Raster3D (43) . Hydrogen bonds were verified using the program hbplus (44) .
Microscopy
Embryos were collected and prepared by standard methods of methanol/formaldehyde fixation. Fixed embryos were stained with DAPI and examined with epi-fluorescent optics. Cells were grown in 50-mm Petri dishes on sterile 22 × 40 mm glass microscope coverslips that were first treated with TESPA (3-aminopropyltriethoxysilane, Sigma) to improve adhesion. Cells were fixed in the dishes by addition of 3.7% formaldehyde in PBS for 5 min, post-fixed for 2 min by replacement of the buffered formaldehyde with 100% methanol, rehydrated in PBS and then processed for FISH and/or immunofluorescence as described by Dernburg and Sedat (45) . For simultaneous detection of the transfected and native GAGA factor, the samples were incubated with a mouse monoclonal α-Glu antibody and a rabbit anti-GAGA antibody and stained with FITCconjugated anti-mouse and Texas Red-conjugated anti-rabbit secondary antibodies (Jackson Immunoresearch). Threedimensional data stacks were collected at 0.2-µm Z-spacing using a wide-field optical sectioning microscope. Images were deconvolved with an appropriate point-spread function and projected using a maximum-intensity algorithm.
RESULTS AND DISCUSSION
Cloning novel members
In order to gain insight into the role of the BTB domain, we first sought to establish the size of the BTB domain-encoding gene family in Drosophila. We screened a Drosophila genomic library with hybridization probes derived from the BTB domains of two BTB domain-encoding genes, tramtrack (ttk) (46) and trl. Duplicate filters were probed separately under conditions of low stringency with labeled DNA fragments derived from cDNA clones, and following purification of positive clones, the isolates representing ttk, trl and broad (br) cDNAs were identified. The remaining clones were then assigned to groups based on restriction mapping and Southern analysis, and in the case of seven of them, by cytogenetic mapping to polytene chromosomes. In total, the ttk probe detected nine novel isolates per genome equivalent, and the trl probe detected two. To verify that these sequences represent members of the BTB sequence family, genomic fragments containing the hybridizing sequences from five were subcloned and sequenced. Predicted amino acid sequences from these five clones indicate that they represent mod(mdg4), lola, a gene required for proper axon growth in the embryonic central and peripheral nervous systems (47) , abrupt, and the proteins BTB-II and BTB-VII predicted by annotation of the Drosophila genome sequence (48) .
Subsequent to the completion of this search for novel BTB domain-containing proteins, the Drosophila genome sequence was released and its annotation by Interpro statistical measures identified 64 BTB domain-containing protein sequences (48) . We independently queried the Drosophila genome sequence using a technique that combines information from BLAST queries, multiple sequence alignments and the structural comparisons. This approach identified 44 different sequences in the NCBI database that we judge to have the conserved hydrophobic patches, charged residues and predicted secondary structure motifs that can be considered as hallmarks of the BTB domain (Fig. 1) . Twelve additional sequences were not as closely related to the consensus BTB domain and their inclusion in the family is less certain. Eight sequences were either variants produced from a single gene, were deleted for the N-or C-terminal portions of the BTB domain, or were truncated coding sequences that either represent pseudogenes or mistakes in open reading frame predictions. We suggest that the 44 identified sequences listed above the line in Figure 1 represent the best estimate for this gene family in the Drosophila genome. The significant difference between this estimate of 44 and the 64 sequences cited previously (48) suggests that the published estimates from the Interpro analysis should be interpreted with caution.
Examination of the Interpro analysis of the 44 proteins that we designate as bone fide BTB domain-containing proteins reveals that 10 are predicted to contain zinc fingers, two are predicted to have helix-turn-helix domains of the Fis1 type, and five are predicted to have Kelch domains. All of the BTB domains are located at or near the N-termini of the protein sequences. None is predicted to have a signal sequence or transmembrane segment. We conclude that the BTB domain is distributed among a diverse set of intracellular proteins that function in both the cytoplasmic and nuclear compartments. This distribution is consistent with the proposal that the BTB domain has a protein interaction function.
Mutants of mod(mdg4)
In the course of a genetic and molecular analysis of the tinman (tin) gene (49) , eight members of an embryonic lethal complementation group were found that map to a location just proximal to tin. An open reading frame in this region was identified and a corresponding cDNA was isolated and sequenced. Over most of its length, this cDNA, t10, is identical to cDNAs derived from mod(mdg4) (50) . mod(mdg4) produces at least 21 distinct cDNAs that have a common 5′ region that encodes 402 residues, and a variable 3′-end. A sequence motif present in some members of the mod(mdg4) family includes a Cys2-His2 of unknown function (50) , but the 87 residue variable region at the C-terminus of t10 lacks this motif and is a novel variant (Fig. 2) . This variable region is encoded by a single exon, identified in the Drosophila sequence as 144 462-144 833. t10 has no recognized DNA binding domain or sequence motif other than the BTB domain.
Three of the lethal alleles of mod(mdg4) were analyzed thoroughly. All were embryonic lethal and had phenotypes that were essentially indistinguishable. None survived to a stage that secreted an embryonic cuticle, and all had abnormalities during pre-cellular blastoderm stages that affected the normal distribution of nuclei (not shown). These phenotypes indicate that mod(mdg4) has an essential embryonic function and are Figure 1 . Multiple sequence alignment of the 56 putative BTB domain-containing proteins from Drosophila, ordered in decreasing similarity to GAGA. The 44 sequences most closely related to the BTB consensus are listed above the horizontal line and the 12 whose inclusion in the BTB family is less certain are listed below the line. The three mutated residues, D35, G93 and L112, show considerable homology across the superfamily and are indicated with bullets above the alignment. The secondary structure assignments, derived from the homology model and the PLZF crystal structure, are also indicated above the alignment (tubes are α-helices and arrows are β-strands). The annotation on the left is the Berkeley Drosophila Genome Project CG code and the common name is included where possible. Colors indicate amino acid conservation at each position: blue, hydrophobic residues; green, serine and threonine; magenta, negatively charged; orange, positively charged; olive, glycine; yellow, proline; purple, histidine. consistent with the proposed role of the Mod(mdg4) protein in regulating chromatin architecture (25) . These phenotypes are also similar to those described for mutants of trl (51) .
To ascertain whether the lethal phenotype of any of the mod(mdg4) alleles is associated with mutations in the BTB domain, cDNA was prepared from embryos of each mod(mdg4) mutant line, and the BTB domain-encoding regions were sequenced after amplification by PCR. Of the eight lines, seven had an unchanged BTB sequence, and one, mod(mdg4) 351 , contained two mutations: G→A transitions at nucleotide positions 252 and 429 resulting in D35→N and G93→S substitutions, respectively. Among the Drosophila family of BTB domain-containing proteins, D35 is conserved in 42/44, with one domain substituting E→D and two domains deleted for the N-terminal region. G93 is conserved in 32/44. This high degree of conservation suggests that D35 and G93 are essential for the domain's normal function.
To assess the functional significance of the mutations in D35 and G93 of mod(mdg4) 351 , we made use of the ability of the GAGA factor to activate binding site-dependent transcription in transfected S2 cells. Site-directed mutagenesis was used to generate GAGA cDNAs with mutations corresponding to those in the BTB domain of mod(mdg4) 351 . A double mutant D35N+G93S was made, as well as the single mutant D35N. The mutant cDNAs were each placed under the control of the Drosophila actin 5C promoter, and the abilities of the expressed mutant proteins to activate transcription were compared with that of wild-type GAGA.
The results depicted in Figure 3 show that the GAGA protein containing the D35N substitution retains <25% of the wildtype transcription activation activity. The G93S mutation in the context of the double mutant results in a further reduction in GAGA activity, to a level of~10% of wild-type. Thus, the D35 and G93 residues each contribute to the ability of GAGA to activate transcription. Cells were also transfected with a mixture of wild-type and mutant GAGA constructs. The results of these experiments (Fig. 3) indicate that levels of transcription activation were additive, arguing against any transdominant action of the mutant proteins.
Functional equivalence of BTB domains
In order to determine whether the Mod(mdg4) BTB domain is functionally equivalent to the BTB domain of the GAGA protein, we performed a domain swap. A chimeric GAGA cDNA was constructed which replaces the first 121 residues of GAGA by the first 122 residues of the Mod(mdg4) protein, almost precisely retaining the position of the BTB domain with respect to the GAGA protein. In addition to this chimeric construct, we obtained a clone in which L112 was replaced by a glutamine residue, apparently as a result of mis-incorporation of A for T (sense strand) during PCR synthesis of the Mod(mdg4)-encoding substitution fragment. Allowing for conservative substitutions, this residue is conserved in all members of the Drosophila BTB protein family whose domains are not C-terminally deleted.
Using the co-transfection assay described above, we found that the chimeric Mod(mdg4)/GAGA protein retained~70% of wild-type GAGA activity. In contrast, the mutant chimera L112Q mutant had essentially no transcription activation activity. These results formally establish the functional relatedness of BTB domains, and, together with the results with the point mutants described above, support the hypothesis that the D35N and G93S mutations contribute to, if they do not entirely account for, the lethal phenotype of mod(mdg4) 351 .
Structural implications of the mod(mdg4) mutations
The high degree of sequence identity between the BTB domains of GAGA, Mod(mdg4) and PLZF (>76%) allowed us to model the GAGA and Mod(mdg4) BTB domains based on the structure of the PLZF BTB domain (7) . Figure 4 depicts the homology model and illustrates the predicted positions of the three residues mutated in the defective proteins. We propose that each of these residues, D35, G93 and L112, form hydrogen bonds to residues in adjacent helices. Although studies on the stability of the mutant proteins have not been carried out, the hydrogen bonds putatively formed by these residues suggest a 'helix capping' role. Elimination of these hydrogen bonds in the mutant proteins might disrupt these helices. Based in part on our identification of D35N, G93S and L112Q as inactivating mutations, site directed mutagenesis engineered equivalent mutations into PLZF. These mutations severely reduced the stability and function of PLZF (6) . In a separate study, the D35N mutation was shown to inhibit dimerization and to impair the repression function of PLZF constructs (13) .
D35 is situated in a groove in the PLZF dimer and the proposal has been made that this groove is a binding site (7) . We found that changing D35 to N in GAGA reduced transcriptional transactivation activity to <25% of wild-type. This suggests that the otherwise electroneutral nature of the groove is critical to function. The high degree of conservation of D35 among the family of Drosophila BTB proteins (42/44) suggests that this residue has a critical role that does not tolerate change.
G93 is both at the end of a helix and at a juncture at which the polypeptide chain makes a sharp turn, almost doubling back in direction. The severity of this turn is needed in order to make a two-stranded β-sheet with the dimer-mate. The presence of G at this point in the polypeptide chain is likely to be important, as G lacks a sidechain and has maximum conformational flexibility. The G93S mutation might not allow the necessary fold to form and may compromise dimer interactions.
L112 is at the base of two helices. It forms the C-terminal cap on the helix from 92 to 105, and it interacts with the N-terminus of adjacent helix from 51 to 60. More importantly, the sidechain of L112 lies buried in a hydrophobic patch consisting of L53, L69, L0, A102, M68 and F52. Since buried polar residues are very uncommon, the severity of the L112Q mutation is not surprising.
Nuclear localization of GAGA
The distribution of the GAGA protein was examined in embryos, S2 cells and larval salivary glands. In older embryos and S2 cells, a diffuse pattern of staining throughout the nucleus was seen to overlay a speckled distribution and areas of intense staining (Fig. 5) . We assume that the punctate staining represents the association of GAGA protein with chromosomal sites where the protein binds and that the blocks of intense staining represent its binding to centromeric (D35N and G93S) and carrying the 'Glu' epitope tag was fixed and stained with DAPI, anti-GAGA and anti-Glu antibodies. Both the mutant and wildtype GAGA proteins localize to the nucleus and concentrate in a similar distribution of discrete accumulations.
heterochromatin. GAGA has been shown to associate with centromeric heterochromatin in early embryos (31) , and a speckled distribution of the BTB domain-containing PLZF protein has been previously noted (52) . We were interested to know whether the inability of the mutant GAGA protein to activate transcription of a co-transfected reporter gene might be reflected in an altered subnuclear distribution. In order to be able to visualize the protein expressed from the transfecting plasmid over the background of endogenous GAGA protein, we inserted an 'epitope tag' downstream of the GAGA zinc finger region. The presence of the epitope tag had no significant effect on the ability of either the wild-type or mutant protein to activate transcription in our assays (not shown). When transfected into cells, the distribution of the mutant form of the exogenous GAGA factor was indistinguishable from that of the endogenous protein (Fig. 5) . Apparently, the mutations that inactivate GAGA did not de-stabilize it enough to prevent it from localizing in the nucleus or from binding to chromosomes in an apparently normal manner. This suggests that the inactivation phenotype of these mutant proteins cannot be attributed solely to reduced stability.
CONCLUSION
This study was undertaken to explore the diversity of the BTB domains in Drosophila proteins and to examine the functional relationship between them. We used low stringency hybridization to identify members of the BTB domain-containing family and identified several that are among the ones most closely related in sequence to the hybridization probes. The complete set was compiled using a routine that combines sequence alignment and structure comparisons. Our studies suggest that both the structure and function of the BTB domain are conserved between the different members of the set.
Several observations support this conclusion. First, a mutant allele of one of the members of the family of Drosophila BTB domain-containing proteins, Mod(mdg4) 351 , has two altered residues, both of which are highly conserved among members of the BTB family. This mutant has a lethal phenotype in Drosophila embryos, underscoring the importance of these conserved residues to the function of the BTB domain. Second, GAGA protein mutants engineered to have the homologous mutations have a severely diminished capacity to activate transcription of a target promoter. Third, substitution of the Mod(mdg4) BTB domain for that of GAGA did not alter the transcriptional activation activity of GAGA, highlighting the conservation of BTB domain function, at least in these two proteins. The family of BTB domain proteins includes transcriptional activators, such as GAGA, and transcriptional repressors, such as Tramtrack. It will be interesting to determine whether the BTB domains are specific to each of these two classes or have functional equivalence in both.
